A new look at blood shear-thinning August 15, 2016 Blood viscosity decreases with shear stress, a property essential for an efficient perfusion of the vascular tree. Shear-thinning is intimately related to the dynamics and mutual interactions of red blood cells (RBCs), the major con- 
for increasing shear ratesγ up to tens of s −1 [8, 9] . This change in microstructure is indeed accompanied by a strong viscosity drop from ∼ 100 cP down to about ∼ 10 cP [10] . However, for shear rates between 10 and 1500 s −1 , which are very common in the microcirculation [11, 12] , only the deformability and dynamics of RBCs can account for a further 4-fold decrease in WB viscosity down to values as low as 2 − 3 cP [3, 4] . This value strongly depends on the hematocrit and the viscosity of the hemoglobin cytoplasm of RBCs, which is around 5 cP at 37
• C [13] .
The link between cellular deformability and shear-thinning remains unsettled, even though it is crucial in understanding blood flow both in health and disease, since altered deformability of RBCs [14] has indeed been correlated with impaired perfusion, increase in blood viscosity, and vaso-occlusion in microcirculatory disorders such as diabetus mellitus, or hemoglobinopathies like sickle cell anemia. Measurements of WB rheology in microtubes [4, 15] and rheoscopes [16, 17] , realized during the 1970s and the 1980s, have led to the foundation of the current paradigm for shear-thinning, comforting an emulsion analogy inherited from the 1960s [1, 2] . While at small shear stresses (less than about Methods). We discuss the implication of this work for microcirculatory flow and reinterpret the classical shear-thinning conjecture.
Results

Morphology of RBCs in simple shear flow
We explore first the morphologies of single RBCs at 37
• C submitted to a simple shear flow in a range ofγ between 10 s respectively. Atγ = 45 s −1 , the fraction of discocytes has dramatically dropped representing only about 30% of the total population, while the total amount of stomatocytes has jumped nearly to 65% of the sample. These values remain nearly constant for both cell populations up to about 400 s −1 (light blue color region of fig. 1A ). However, in the region between 45 s −1 and 400 s −1 , the fraction of circular-rim-shaped stomatocytes decreases, and gets gradually replaced by the population of elliptical-rim-shaped stomatocytes with an increased ellipticity. 
RBCs dynamics in flow
To understand further how the acquired morphologies couple to the flow and to rule out hardening artifacts, we perform complementary microfluidic experiments with high-speed video microscopy at 25
• C using dilute suspensions of RBCs (Ht ≈ 1%) in PBS/BSA only (no hardening). The suspension is fed at increasing flow rates into a circular crosssection microcapillary for the same range of shear rates explored previously by rheometry.
Local shear rate is evaluated by measuring both the local cell velocity and its distance from the capillary walls. Different dynamics are detected for increasing values of this estimatedγ. Their time sequences are shown in fig. 2A obtained in a field of view of about 300 µm long. At low shear rates (γ < 40 s −1 ), the tumbling-to-rolling transition is observed, where the axis of symmetry of discocytes gradually aligns with the vorticity direction. As in the rheological setup, the number of rolling RBCs becomes significant for increasing shear rates. In addition, a substantial increase in the population of cup-shaped stomatocytes is clearly detected, which show a rolling motion in the flow as illustrated in fig. 2A fig. 2A and in Movie S3). These experiments show that no sharp morphological transition occurs for increasing shear rates, but rather a marked variation in shape distribution of RBC populations is present. Finally, thanks to our pressure injection system, we can produce very fast "stop flow" experiments. These experiments nicely demonstrate the dynamical nature of polylobed morphologies, since either trilobes or hexalobes return rapidly to their resting discocyte shape, when the flow is stopped, as depicted in fig. 2B and in Movie S4. Noteworthy, the population of stomatocytes keeps its shape longer and relaxes to the discocyte population on a longer time scale of tens of minutes.
To complement the experiments, we also perform numerical simulations of isolated RBCs in simple shear flow for varying shear rates, using both SDPD and YALES2BIO
softwares (see Materials and Methods). The simulated dynamics is presented in fig. 2A using 
Morphology and dynamics of RBCs at high hematocrits
To evaluate the prevalence of polylobed shapes at physiologically relevant shear rates and hematocrits, same hardening experiments done in flow and described earlier were realized for several RBC suspensions with different Ht values of 5, 15, 22, 35 and 45%.γ = 900 s −1 (at 37
• C) has been selected for these experiments, since the analysis for dilute suspensions in fig. 1B has shown a maximum in the population of trilobes at this shear rate. Figure 3A indicates a significant decrease in the probability to obtain polylobed HRBCs for increasing Ht. The percentage of trilobes and hexalobes, which amounts for about 55% of the entire population at Ht = 5%, is more than halved when the hematocrit reaches 45%. In addition, at high enough Ht many HRBCs display a deformed shape with multiple irregular lobes, making it difficult to precisely classify their morphology; these cells will be called "multilobes" with an illustration in the lower inset of fig. 3A . The fraction of these "multilobed" RBCs seems to be rather stable amounting for 25% − 35%
of the total population. However, the onset of a new cell morphology is detected for increasing Ht. 
The role of cell deformability in shear-thinning rheograms
Now, we re-examine the interpretation of classical shear-thinning rheograms for human blood, which were introduced in the 1970s [3] and provided the seminal link between shearinduced RBC deformation, tank-treading, and shear-thinning. We perform experiments at Ht = 45% suspending RBCs in either PBS/BSA or their native plasma. The samples are sheared in the rheometer at 37
• C (using both Couette and cone-and-plate geometry)
for the range ofγ between 5 s fig. 2A indicates a rather marginal effect of the gradient of shear rate..
Discussion
Investigation of blood rheology finds its cornerstone in the seminal work of Chien and collaborators [3] . We first discuss single-cell behavior in dilute suspensions. Forγ < 1 s −1 , the biconcave shape is preserved and the behavior of RBCs is similar to that of a rigid oblate ellipsoid, such that the membrane and the enclosed fluid rotate as a rigid body. For increasing shear rates up to 10 s −1 , more and more cells are found to roll on their edge as previously observed in experiments using rheoscopes [25] and more recently in flow chambers [26, 19] . Shear-thinning in this range of shear rates is therefore mainly controlled by discocyte orientation. Rolling has its origin in shear elasticity of the membrane. Under physiological conditions, membrane tank-treading is forbidden due to the relatively high internal viscosity as predicted by viscous ellipsoidal models of the RBC [27] . However, during each tumbling period the membrane elements oscillate around a given position and this local oscillatory strain seems to destabilize RBCs from tumbling toward rolling [28] instead of tank-treading. Though not fully settled, this phenomenon is well captured by our simulations and is described as a stable motion in several recent numerical simulations of capsules [29] and RBCs [30] .
In the range of shear rates between 45 and 400 s −1 , a large population of the rolling discocytes looses one dimple and becomes rolling stomatocytes displaying at first more fig. 3B .
In conclusion, our study reveals that blood shear-thinning is related to a rich behavior of RBCs in shear flow convoluted with a large distribution of cell shapes for any given flow condition. The lack of membrane fluidity for high viscosity contrast between inner and outer fluids is the key feature which controls RBCs behavior. As a consequence, the droplet-based analogy for blood rheology at high shear rates appears to be erroneous for the explanation of shear-thinning. Moreover, several fundamental physiological phenomena have been analyzed under the assumption of membrane tank-treading, such as vaso-regulatory ATP release by RBCs in strong shear flows [33] or the formation of a few-micron thick cell-free layer adjacent to the vessels walls which is responsible for the apparent viscosity drop with decreasing vessel diameter (the so-called Fåhraeus-Lindqvist effect [34] ). Our study questions the relevance of a droplet-like analogy for RBC dynamics to explain these phenomena and asks to re-examine them both experimentally and theoretically for physiologically relevant viscosity and stress conditions. Finally, our study suggests that in pathological change in plasma composition, RBCs cytosol viscosity or membrane mechanical properties, will impact the onset of shape transitions and should play a central role in pathological blood rheology and flow behavior.
Materials and Methods
Sample preparation
Fresh venous-blood samples were obtained from healthy consenting donors, thanks to the agreement with a local blood bank to use blood (EFS) and its components for nontherapeutic purposes. The samples, whose volume ranged between 420 and 500 ml, were 
Rheology and microfluidics
Rheology experiments were performed in a cone-plate stress-imposed rheometer ( 
Numerical simulations
Two different in-house softwares were used for numerical simulations. The first one, YALES2BIO [20, 36] , is a finite-volume parallel solver for the incompressible Navier-Stokes equations on unstructured meshes. Fluid-structure coupling was implemented using an immersed boundary method adapted to unstructured grids [20] . RBCs were modeled as viscous drops enclosed by membranes resisting shear, bending, and area dilation. In the SDPD simulations, the smoothed dissipative particle dynamics method [22] , a mesoscale hydrodynamic particle-based approach, represents fluid flow, while a RBC membrane was modeled as a triangulated network of springs [21] , whose vertices are coupled to the fluid via frictional forces. The network assumes fixed connectivity and includes the spring's elastic energy, bending energy, and area and volume conservation constraints [21] .
Further details about the numerical methods and setups can be found in supplementary information. 
